A nondestructive transmittance near-infrared (NIR) method for detecting off-centered cores in dry-coated (DC) tablets was developed as a monitoring system in the DC tableting process. Caffeine anhydrate was used as a core active pharmaceutical ingredient (API), and DC tablets were made by the direct compression method. NIR spectra were obtained from these intact DC tablets using the transmittance method. The reference assay was performed with HPLC. Calibration models were generated by partial least squares (PLS) regression and principal component regression (PCR) utilizing external validations. Hierarchical cluster analysis (HCA) of the results confirmed that NIR spectroscopy correctly detected off-centered cores in DC tablets. We formulated and used the Centering Index (CI) to evaluate the precision of core alignment and generated an NIR calibration model that could correctly predict this index. The principal component (PC) 1 loading vector of the final calibration model indicated that it could specifically detect the misalignment of tablet cores. The model also had good linearity and accuracy. The CIs of unknown sample tablets predicted by the final calibration model and those calculated through the HPLC analysis were closely parallel with each other. These results demonstrate the validity of the final calibration model and the utility of the transmittance NIR spectroscopic method developed in this study as a monitoring system in DC tableting process.
The concept of Process Analytical Technology (PAT) was recently introduced in the Food and Drug Administration's (FDA's) Guidance for Industry. 1) PAT enables quality assurance of the whole batch by monitoring the critical quality attributes (CQAs) during manufacturing processes. Because of its rapidity and nondestructiveness, near-infrared (NIR) spectroscopy is extensively used as a PAT tool to monitor CQAs. For example, during the tableting process, it can be used to monitor tablet hardness, 2, 3) tablet porosity, 3) active pharmaceutical ingredient (API) content, 2, [4] [5] [6] disintegration time, 7) API release rate, 2, 8) and pseudo-polymorphs change of API. 9) NIR chemical imaging is also used to examine the distribution of ingredients 10) and the density profile 3, 11) on tablet surfaces.
The development of dry-coated (DC) tablets has been encouraged recently in terms of life cycle management and/or application of the drug delivery system. In manufacturing fixed-dose combination tablets, for example, DC tablets may be used to isolate the APIs from each other by putting one API in the core and the other in the outer layer if the compatibility of the APIs cannot be ensured. Dry-coating is used to shield a light-sensitive API to make light-stable tablets. Moisture-proof outer layer can be used to coat a core containing a water-degradable API to make a water-stable DC tablet. 12) Polymer matrix layer can control the dissolution property of an API in the core. 13) Core alignment is one of the CQAs of these DC tablets because an off-centered core spoils the uniform thickness of the outer layer, which may make the tablet less light-stable, less water-stable or unable to control the dissolution property of the API in the core. 13) It is inevitable that coreless tablets or off-centered cores occur during the DC tableting process. 14) Latest DC tableting systems use Charge Coupled Device (CCD) sensor monitoring to detect and reject coreless tablets and to detect and adjust off-centered cores. The CCD sensor is placed over the turn table of the tableting machine immediately after the point where the core is put on the outer layer bed. The CCD system detects core alignment of all tablets by converting a shot picture to a black (e.g. core) and white (e.g. outer layer) image, and then the core deviation from its center is expressed as x-and y-axis deviations. According to the x-and y-axis deviations, the core location is adjusted to the center by controlling the position of the core feeding unit. Thus, the CCD system is an 'in-line' monitoring method of in-process DC tablets. However the core location fluctuates according to the rotation speed of the turn table 14, 15) and the shot picture blurs. That is, (1) there is an inevitable trade-off between the detection accuracy of the CCD sensor monitoring and the tableting speed. And, (2) the system has the possibility of misjudgement because the core is slightly moved by the outer layer feeding which occurs after the core set and picture shot.
14) The possibility of misalignment cannot be totally eliminated even with these latest systems.
We developed an analysis method for rapid, nondestructive detection of off-centered cores using NIR spectroscopy. This NIR method can detect the core alignment of finished DC tablets by sampling them, what is called the 'at-line' or 'online' monitoring method. Because this NIR system works under static conditions, (1) it can be a robust system compared to the dynamic CCD system. And (2) the system can detect the correct location of the core by analyzing the finished DC tablets. It analyzes the absorption spectra of NIR rays irradiated onto the tablet, and thus it is nondestructive. Some parts of the rays transmit through the tablet following a straight path or a scattering path. 16, 17) The rest of the rays scatter off the tablet surface. 18, 19) The NIR transmittance spectroscopy detects the rays which have transmitted through the tablet. We used it in this study because it allows the acquiring of the information on the internal structure of the tablet. In addition, it had been reported that the NIR transmittance spectroscopy is highly sensitive to tablet thickness (density) fluctuation, which was advantageous in establishing acceptable prediction models. 4) Note in passing that, to our knowledge, this is the first report on the use of NIR transmittance spectroscopy for the DC tableting process.
We formulated the Centering Index (CI) to measure the centeredness of cores in DC tablets and established a calibration model that predicts the CIs using the NIR spectroscopy. Caffeine anhydrate was used as a core API, and DC tablets were made by the direct compression method. Their NIR spectra were obtained in a transmittance mode. The reference assay was performed by HPLC. The calibration models were generated by partial least squares (PLS) regression and principal component regression (PCR) utilizing external validations.
Experimental
Materials Caffeine anhydrate was purchased from Shiratori Pharmaceutical Co., Ltd. (Chiba, Japan). Microcrystalline cellulose (Ceolus PH102) was purchased from Asahi Kasei Chemicals Corp. (Tokyo, Japan). Croscarmellose sodium (Ac-Di-Sol) was purchased from Kaneda Corp. (Tokyo, Japan). Magnesium stearate was purchased from Tyco Healthcare (Tokyo, Japan). Each of these was used as received. All other reagents were of analytical grade and were used without further purification.
Dry-Coated (DC) Tablet Preparation Sample DC tablets, the core of which contained caffeine anhydrate as API, were compacted by the direct compression method. Formulation of the DC tablet is shown in Table 1 . For outer layer preparation, 1440 g of microcrystalline cellulose and 45 g of croscarmellose sodium were mixed with a VG-10 high-speed mixer (Powrex Corp., Japan) for 3 min at a blade rotation frequency of 250 rpm and a chopper rotation frequency of 3000 rpm. For core preparation, 750 g of caffeine anhydrate, 690 g of microcrystalline cellulose and 45 g of croscarmellose sodium were mixed with the VG-10 high-speed mixer for 3 min at the same processing parameters. Magnesium stearate was mixed with each resultant powder using a V-5 V-blender (Tokuju Corp., Japan) for 10 min at 20 rpm.
The tablets were compacted with an MS05-100 oil press (Riken Seiki, Japan). To make a core, 50 mg of the core powder was filled in a die (f5.5 mm) and then compressed using flat-faced punches at 2 kN. A part (150 mg) of the outer layer powder was filled in a die (f9.5 mm) and the core was put on it. They were pre-compressed at 1 kN using flat-faced punches. Subsequently, the remnant of the outer layer powder (100 mg) was filled on the pre-compressed tablet and compressed at 8, 9 or 10 kN to finish sample tablets with three different pressures of compression.
NIR Spectroscopic Analysis The sample DC tablets were analyzed using an InTact MultiTab Analyzer (Foss NIRSystems, Inc., Laurel, MD, U.S.A.), which is designed specifically for NIR transmittance spectroscopic analysis of tablets. The incident rays were f5.5 mm. The rays that transmitted through the tablet were measured using a sensitive indium gallium arsenide (InGaAs) detector positioned immediately beneath the tablet. A tablet auto-sampler with thirty templates, which closely fit the contour of the tablet and had an aperture (f6.0 mm) beneath the tablet, was used as a sample holder in order to avoid producing undesired mixed-mode spectra, i.e., mix of transmittance and reflectance due to stray light or light leakage. The templates also ensured consistent sample presentation to the instrument and minimized the measurement variability.
The transmittance spectra were recorded using Vision software (Foss NIRSystems, Inc., Laurel, MD, U.S.A.) by integrating thirty-two scans taken from 800 to 1400 nm at 2 nm intervals. A reference (ambient air) spectrum was obtained by integrating thirty-two scans in advance in order to compute each tablet's transmittance spectrum.
HPLC Analysis After the spectroscopic analysis of all the tablets, the tablets were quartered using a tablet cutter as shown in Fig. 1 . Tablets were placed on the center of the tablet cutter and accurately divided into two pieces. Subsequently, each divided piece was marked at the center using a scale and a protractor, and divided into two pieces (quartered pieces) using the tablet cutter. Then, HPLC analysis was performed for those tablet pieces.
First, each quartered tablet piece was transferred to a 25 ml volumetric flask. After adding approximately 15 ml of purified water-acetonitrile (25 : 3, v/v), the flask was vibrated with occasional shaking in an ultrasonic bath (Branson Model 8510 Ultrasonic Cleaner, Branson Ultrasonic Corp., Danbury, CT, U.S.A.) until the tablet piece disintegrated, and then the mixture was diluted to volume. The resultant mixture was transferred to a centrifuging tube and was centrifuged for 5 min at 3000 rpm. Four milliliters of the resulting supernatant solution and 5 ml of internal standard solution (1 mg/ml diluted solution of salicylic acid) were both pipetted into a 50 ml volumetric flask and diluted to volume.
Separately, 6 mg of caffeine anhydrate was accurately weighed using MX5 Microbalance (Mettler-Toledo K. K., Tokyo, Japan) and put into a 25 ml volumetric flask, and the same operation as described above was carried out to prepare the standard solution.
The samples were then analyzed by HPLC with UV detection. The HPLC system consisted of an LC-10AD pump in combination with an SIL-10A Auto Injector (Shimadzu Corp., Kyoto, Japan). An L-Column ODS (5 mm, 250 mmϫ4.6 mm i.d.) from the Chemicals Evaluation and Research Institute (Tokyo, Japan) was used. Detection was carried out at 280 nm with an SPD-10A UV/Vis Detector from Shimadzu Corp. (Kyoto, Japan). The mobile phase was phosphate buffer (pH 4.0; 0.05 M)-acetonitrile (25 : 3, v/v) with a flow rate of 1.0 ml/min. Chromatograms were collected and integrated using a Chromatopack from Shimadzu Corp. (Kyoto, Japan). The calculated API contents were expressed in mg per tablet piece.
Then, the CIs were calculated as shown in Fig. 1 . The CIs run from 0 through 1 and the larger value means that the core is more precisely aligned in the tablet center. Thus, the CIs indicate the degree of centeredness of the core.
Spectral Analysis and Generation of Calibration Models Multivariate data analysis software, Pirouette version 4.0 (Infometrix, Inc., Bothell, WA, U.S.A.), was used for spectral analysis and calibration model generation. First, we performed a hierarchical cluster analysis (HCA) for a feasibility study using raw spectra (800-1400 nm) from the sample tablets compressed at 9 kN. The HCA is based on the spectral distance (Euclidean distance). The distance d ab between two sample vectors, a and b, is determined by computing absorbance differences at each of the wavelength j: And the similarity score S ab is calculated as follows: (2) where d max is the largest distance in the data set. On this scale, a value of 1 is assigned to identical spectra and a value of 0 to the most dissimilar spectra. After distances between all pairs of spectra have been determined, the two most similar spectra are linked and they form a single cluster. After distances between this cluster and all other spectra/existing clusters are determined, the smallest inter-spectra/cluster distance is again sought and another linkage is formed. This process continues until all spectra/clusters are linked. The distance between a newly formed cluster AϪB and a previously existing cluster C is calculated via the formula below:
Then, we constructed PLS and PCR calibration models using the spectral data (as X matrices) and the corresponding CI reference values (as Y matrices). The criterion for determining the number of factors was based on the prediction residual error-sum of squares (PRESS), and external validations were also performed. The sample tablets were divided into two groups: 42 samples (three subsets, each composed of 14 samples with a different compression pressure: 8, 9, 10 kN) for calibration and 21 samples (three subsets, each composed of 7 samples compressed at 8, 9, 10 kN) for external validation. We compared the regression algorithms (PLS or PCR), wavelength ranges and spectral pre-processing methods to determine the most relevant algorithm, wavelength range and pre-processing method for generating the most appropriate calibration model.
Results and Discussion
Feasibility Study First, twenty-one DC tablets compressed at 9 kN were used to examine the utility of NIR spectroscopy for detecting off-centered cores. The raw NIR spectra collected from these tablets are shown in Fig. 2 . The spectra varied widely according to the core alignment of the sample tablets. Figure 3 shows the results of HCA based on the spectral distance (Euclidean distance). The CIs of the sample tablets are also shown here. An acceptable clustering was obtained when the similarity score was 0.755: CIϭ0.30; 0.45-0.54; 0.75-0.87; 0.90-0.94; 0.96-0.98. Figure 4 is a diagram of f5.5 mm NIR rays being irradiated on the surface of a DC tablet (CIϭ0.30). Although the irradiated rays diffuse while transmitting through the tablet, we ignore the diffused rays and suppose that all the rays that do not reflect off the tablet transmit straight because the diffused rays generally have little energy and thus hardly transmit through the tablet. 6, 16, 17) In this diagram, the CI value of 0.30 means that the core is approximately 1 mm off the tablet center. The volume of the core that is calculated from the NIR rays transmitting straight through the tablet should be smaller than the calculated volume of the well-centered core. The NIR spectra are supposed to vary as the core is misaligned.
Based on these results, it was confirmed that the NIR spectroscopy was able to detect off-centered cores in manufactured DC tablets.
Generation of Calibration Models The feasibility study described in the previous section confirmed that the NIR spectra varied according to the variation of CIs. It was thus suggested that NIR spectroscopy was available for quantitative measurement of CIs. We then used multivariate regression analyses to generate calibration models for NIR spectroscopic measurement of CIs. It has been reported that NIR spectra may vary with the difference of tablet density 4) and the fluctuation of tablet density inevitably occurs during the tableting process. Therefore, three types of tablets compressed at different compression pressures were used to generate robust calibration models.
Various combinations of algorithms, wavelength ranges and spectral pre-processing methods were evaluated to obtain the final calibration model. Widely used PCR and PLS were examined as algorithms. Either or both of 800-1160 nm and 1160-1400 nm wavelength ranges were used because the baseline shift between samples was observed in the former range, and the spectrum shape changed in the latter range (Fig. 2) . Several common spectral pre-processing methods were used with these algorithms and wavelength ranges. The smoothing point in the first and second derivatives and Savitzky-Golay smoothing were set at 9. In general, the more factors a calibration model uses, the more noise is likely to be incorporated. More important information can be captured with fewer factors. Therefore, the final calibration model was defined as the one which used the fewest factors and which had the smallest standard error of calibration (SEC) and the smallest standard error of prediction (SEP). The details of the generated calibration models are shown in Table 2 . The cumulative explained X-variances of all the generated calibration models exceeded 90%, which demonstrated that these models sufficiently captured the spectrum variation. The final model, which had the fewest factors and minimum SEC and SEP, was obtained by PLS regression at the 1160-1400 nm wavelength range with the first derivative. Note that the number of factors was smaller when the wavelength range was 1160-1400 nm. It suggests that this wavelength range contains valuable information on core alignment. The calibration line and the validation plot of the final calibration model are shown in Fig. 5 . A good linear correlation was observed between the CIs calculated with HPLC and those predicted with NIR spectroscopic analysis.
Therefore, we concluded that it was possible to use NIR spectroscopy for quantitative measurement of CIs of DC tablets.
Method Validation. Specificity Method validation was carried out for the final calibration model obtained in the previous section. Specificity is confirmed by examining the loading vector of the primary component used in the calibration model. Figure 6 shows the principal component (PC) 1 loading vector for the final calibration model and the first de- Linearity Linearity is defined in terms of the correlation coefficient, the Y-intercept and the slope of the validation set. Table 3 shows linearity parameters of the final calibration model. The correlation coefficient was larger than 0.99, and the Y-intercept and the slope were close to 0 and 1, respectively.
Here, we compared the Y-intercept and the slope with ideal values of 0 and 1 using the elliptic joint confidence region (EJCR) for the true Y-intercept and slope. 20) Because the point (0, 1) lay inside the EJCR (at a confidence level of pϭ0.05) as shown in Fig. 7 , it could be concluded that proportional and constant biases were absent, and thus the final calibration model showed good linearity.
Accuracy A method is accurate if its SEC and SEP are equal to the analysis error of the reference analysis method. The maximum acceptable error of the HPLC analysis in this study was 0.0625 mg (1.0% of the API content in a quartered tablet piece) according to FDA Guidance, 21) and the maximum analysis error of CIs calculated through the HPLC analysis was 0.02. The SEC and SEP of the final calibration model were also 0.02 (Table 3) , and therefore it had sufficient accuracy.
Robustness Effect of compression pressure on the predicted CIs was evaluated by comparison of SEP and the average difference of the prediction set with respect to each compression pressure. Because the result gave the same SEPs and average differences to each other as shown in Table 4 , the compression pressure had little effect on the predicted CIs. Thus we concluded that the final calibration model had sufficient robustness for compression pressure.
Unknown Sample Analysis Figure 8 shows the CIs of 20 separately manufactured DC tablets predicted by the final calibration model, and it also shows the CIs by the HPLC analysis conducted after the NIR analysis. The predicted CIs were closely parallel. The SEP calculated from these results was 0.02, which was the same as the accuracy in the method validation.
Application Prospect for DC Tableting Process As the DC tablets were prepared by hand in this research, the cores were supposed to be variedly inclined to a certain degree. The core inclination in the DC tablet had been thought to affect the predicted CIs via variation of the optical path length, however the final calibration model was validated with adequate results as discussed previously. Therefore, the core inclination scarcely affected the predicted CIs in the supposed range. DC tableting machines strike and level the outer layer bed and put cores onto it with constant potential energy. Thus, 872 Vol. 59, No. 7 the fluctuation of core inclination is supposed to be small enough compared with hand work preparation, and it is not necessary to consider the prediction interference by the core inclination. Consequently the developed final calibration model was considered to be applicable to DC tableting process.
Conclusion
In this study, we developed a nondestructive transmittance NIR method for detecting off-centered cores in DC tablets as a monitoring system in the DC tableting process.
It was confirmed that the NIR spectroscopy correctly detected off-centered cores in DC tablets. We formulated and used the Centering Index (CI) to evaluate the precision of core alignment of DC tablets and generated an NIR calibration model that could correctly predict this index. The PC 1 loading vector of the final calibration model indicated that the model specifically detected the misalignment of tablet cores. The model also had good linearity and accuracy. The CIs of unknown sample tablets predicted by the final calibration model and those calculated through the HPLC analysis were closely parallel with each other. These results demonstrate the validity of the final calibration model as a monitoring system in DC tableting process.
This calibration model will enable the transmittance NIR spectroscopic analysis of the core alignment of DC tablets, and this analysis method can be used for robust on-line control of core alignment in DC tableting process. Furthermore, from an application standpoint, this technology allows the comparison between small-scale and commercial-scale tableting systems, and thus may be useful in scaling up DC tableting processes.
